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FLEXIBLE SUPERCONDUCTOR-COATED ZIRCONIA FIBERS 



Field of the Invention 

This invention relates to zirconia fibers coated 
with a thin film comprising a high temperature ceramic 
oxide superconductor and methods for their prepa- 
ration. The coated fibers are useful for applications 
which require the transport or storage of electrical 
energy. 

Background Art 

High temperature ceramic oxide superconduc- 
tors were first discovered in 1986 (see e.g., The 
Development of High-T e Ceramic Superconductors : 
An Introduction*, D.R. Clarke, Adv. Cer.MatL, 2, (38), 
Special Issue, 1987, pp. 273-292). In thin film form, 
electrical and mechanical properties of high tempera- 
ture ceramic oxide superconductors are typteaOy 
superior to those in bulk form. For example, it is known 
in the art that maximum critical current densties of 
high temperature ceramic oxide superconductors are 
higher for thin ftms than for bulk forms. Furthermore, 
magnetic fields have less effect on the critical current 
density of superconductor thin films than for bulk 
forms. 

High temperature ceramic oxide superconduc- 
tors are known in the art and include materials in such 
systems as Y-Ba-Cu-O, Bi-Sr-Ca-Cu-O, Tl-Ba-Ca- 
Cu-O, ta(Sr, Ba)-Cu-0, asweies related materials. 

it is known in the art to deposit high temperature 
ceramic oxide superconductors in bulk form onto 
rigid, planar ceramic oxide substrates. For example, 
the deposition of Bi-Sr-Ca-Cu-O thick Ams onto bulk 
MgO substrates is described by K. Hoshino et al. in 
-Preparation of Superconducting Bt-Sr-Ce-Cu-O Prin- 
ted Thick FBms on MgO Substrate and Ag Metal 
Tape*, Jao. J. Appt Physics, 27, C7). July. 1988, pp. 
L1297-L1299. 

It is also known in the art to deposit thin films of 
high temperature ceramic oxide superconductors 
onto planar substrates. For example, R. B. Laibowitz 
in "High T c Superconducting Thin Films", M.R.S. Bull., 
Jaru, 1989, pp. 58-62, discusses the deposition of 
high temperature ceramic oxide superconductors 
such as Y-Ba-Cu-O, Bi-Sr-Ca-Cu-O, and Tl-Ba-Ca- 
Cu-O onto wafer-ehaped substrates such as Ai^, 
MgO, SrTlOj, SI, LaGaO* and ZrOj stabilized with Y. 

Furukawa Qectrtc Co. (Superconductor Week. 3, 
Feb. 6, 1989, p. 3) has made by known evaporation 
techniques a "superconducting tape-type conductor" 
which consists of s HASTELLOY 714 -C-nickal based 
alloy carrier and a Y-Ba-Cu-O superconducting film 
with an intermediate copper stabOizing layer. 

It is also known in the art to deposit high tempera- 
ture ceramic oxide superconductor thin films onto 



metal filaments. For example, a superconductor wire 
made by hollow cathode sputtering alternating layers 
of a superconductor such as a Y-Ba-Cu-O compound, 
5 a La-Ba-Cu-0 compound, or a La-Sr-Cu-0 compound 
and a ductile metal such as copper onto a high 
strength core filament such as tungsten is disclosed 
in EP 0290127A2. 

E.JA Pope et aL in "Organometaflic Polymer 
10 Route to Superconducting Ceramics : Chemistry and 
Fabrication of Wires and Coatings", M.R.S. Extended 
Abstracts High-Temperature Superconductors II, 
Fall, 1 988, pp. 97-100, reported a method fcrdip-coat- 
ing platinum flamenta with organometaiiic Y-Ba-Cu-O 
13 precursors. The authors did not, however, report 
observing superconductivity. 

1 1 is also known in the art to deposit high tempera- 
ture ceramic oxide superconductor thin flms onto 
non-oxide ceramic fibers. For example," EP 
20 0303412A2 describes a process for making a super- 
conducting composite comprising a low resistivity, 
high strength, ultra high modulus, carbon fibetwith a 
ceramic high temperature superconductor such as 
A 1 B 2 Cu 3 0 7 * (wherein A to Y, La, or other element 
25 from the lanthanide group, B is a Group OA element, 
and X is between 0 and 1) coated thereon. Also, EP 
0318651A discloses a flexible superconductor con- 
sisting of a SiC carrier with a superconductive ceramic 
oxide sheath deposited onto the carrier by a thin flbn 
so technology such as sputtering. The carrier is pre* 
coated wtth a layer of Cu, M other stabffizing n» 
terial, and a layer of perovsWte of the general formula 
ABO, (e.g. SrTOJ prior to the deposition of the high 
temperature ceramic oxide superconductor, 
is M.Wetrk*etd.«i"HighBeW 

tor on a Fiber Basis - , IEEE Trans, on Msg^ MAG-23, 
(2), March, 1987, pp. 991-994, describes planar mag- 
netron sputtering of a NDN superconductor thin f8m 
onto a carbon ffcer or bundle thereot 
40 Zirconia fibers have been disclosed, for example, 
in U.S. Patent Nos. 3,385,915, 3,860,529, 3,180,741. 
3,322,865, 3,992*498, and UK Patent Nos. 
1,030,231 1,360,197, and U.S.S.N. 07/286,654. 

45 Summary of Invention 

. Briefly, the present Invention provides a compo- 
site article comprising a fiber core comprising cryatal- 
line zirconia and deposited on at least a portion 

so thereof a tttn flm comprising a high temperature 
ceramic oxide superconductor. 

The conposite article of the present Invention can 
be prepared by providing a ftoer comprising zirconia 
and coating thereon a high temperature ceramic oxide 

55 superconductor or a precursor thereof. Where a pre- 
cursor is used, ft Is heated In an oxidizing atmosphere 
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for a time and at a temperature sufficient to provide a 
high temperature ceramic oxide superconductor. The 
precursor xao be coated and heated simultaneously 
or sequentially. The preferred heat treating tempera- 
ture is in the range of 400 to 1000°C. 5 

The high temperature ceramic oxide supercon- 
ductor-coated fiber of the present invention can vary 
in flexibility depending upon the thin film thickness 
and the fiber core diameter. 

Zirconia and high temperature ceramic oxide 10 
superconductor thin films are chemically, crystal- 
lographJcally, and thermally compatible. That is to 
say, zirconia has lattice parameters (La., atomicspac- 
ing) and a crystal structure which can promote the for- 
mation of a high temperature ceramic oxide is 
superconductor phase. Dflusion of chemical species 
between the zirconia and the high temperature 
cerarrtc oxide superconductor are not sufficient to 
substantially affect the superconductor properties, 
strength, or flexibiity of the composite, and the ther- 20 
mal expansion coefficients of the zirconia and the high 
temperature ceramic oxide superconductor are suffi- 
ciently sintiar to prevent cracking or spelling during 
heating or cooling. 

In this application : 29 
■flexible* means capable of withstanding small- 
radius benda without breaking; 
-zirconia fiber* means a fiber or wWBce embodi- 
ment comprising preferably at least 75 volume 
percent of a doped or undoped crystafline zir- 30 
conia phase(s). more preferably at least 30 
volume percent of a doped or undoped crystalline 
zirconia phase(s). and most preferably at least 95 
volume percent of doped or undoped crystalline 
zirconia phase(e). wherein the preferred crystal- 35 
line zirconia phase(s) ie cubic, tetragonal, or 
both ; wherein other metal oxides which can be 
useful as phase stabflizers can be present as 
dopants, wherein the dopants) is in solid solution 
within the crystalline zirconia phase<s) and can be 40 
present up to 20 mole percent ; and wherein other 
mstai oxides which may be useful as grain growth 
inhibitors or tougheners can be present as sepa- 
rate phase(s) comprising up to 25 volume percent 
oftheffoer; t 43 

"solid solution' means a single crystalline phase 
which may be varied in composition within finite 
limits without the appearance of an additional 

bundle* or tow" means of two or more fibers ; so 
thin tarn* means a layer having a thickness not 
greater than 100 micrometers : 
"superconductor* means a material which has 
zero electrical resistance below a critical tem- 
perature ; 55 
•onset temperature" means temperature at which 

at least a part of a material becomes supercon- 
ducting; 



"high temperature ceramic oxide superconduc- 
tor" means a ceramic oxide material comprising 
at least one oxide phase which exhibits supercon- 
ductivity above 23 K ; 

"deposit" means coating a high temperature 
ceramic oxide superconductor or precursor 
thereof onto a substrate ; where a high tempera- 
ture ceramic oxide precursor is used, 'deposit" 
also means heating the coated precursor for a 
time and at a temperature sufficient to convert the 
precursor into a high temperature ceramic oxide 
superconductor after or simultaneously with the 
coating step. 

•cunent density* means electrical current per 

cross-sectional area. 
• The art does not disdose or suggest a flexible 
composite comprising a high temperature ceramic 
oxide superconductor-coated, crystalline zirconia 
fiber core or a method for making the same. 

Detailed Description of the Preferred Embodiments 

The preferred composite article of the present 
invention comprises a flexible, polycrystallirie, siicon- 
free, carbon-free zirconia fiber core preferably having 
a diameter in the range of 5 to 60 micrometers and 
having a tensile strength greater than 0.5 GPa. whe- 
rein at least a portion of the fiber core is coated with 
a thin film comprising a high temperature ceramic 
oxide superconductor and wherein the thickness or 
diameter of the composite can be up to 1 00 microme- 
ters, preferably in the range of greater than 5 micro- 
meters to 60 micrometers. 

A method for preparing zirconia fibers useful to 
make the articles of the present invention is disclosed 
in assignee's copending patent application Serial No. 
07/286,654 which ts incorporated herein by refer- 
ence. As disclosed therein, a preferred process invol- 
ves making a ceramic ftoer containing crystalline 
zirconia grains comprising the steps of : 

(a) mixing crystalline, coiloidel zirconia particles, 
at least one soluble zirconium compound, sol- 
vent and optionally one or more of : 

(1) a water soluble compound or sol of metals 
whose oxides are phase stabitzers for zir- 
conia wherein the metal oxides may be pre- 
sent in amounts up to 20 mole percent of the 
total oxide content, and wherein the phase 
stabfl izers preferably can be at I east of yttrium 
oxide, magnesium oxide, calcium oxide, and 
cerium oxide ; ( ^ . 

(2) a water soluble compound or sol of metals 
whose oxides are grain growth inhtoitors or 
tougheners for zirconia and wherein the metal 
oxide comprises a second phase up to 25 
volume percent of the total oxides present and 
wherein the grain growth inhibitor preferably 
can be aluminum oxide ; 
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(3) a water soluble organic polymer wherein 
said polymer comprises up to 50 wt percent 
of the total oxide mass content of the fiber ; 

(b) concentrating the mixture ; 

(c) extruding or blowing the fiber to provide a 
green fiber ; and 

(d) heating the green fiber to a temperature in the 
range of 400 to 2000°C in an oxygen-containing 
atmosphere to provide a ceramic fiber. 

The method of making ceramic fibers from sols is 
well known and is described for example in U.S. 
Patent No. 4.168.147. 

A number of other processes for the preparation 
of Z1O2 based fibers are known. One method is the 
"relic process" as described in U.S. Patents 
3,385,915 and 3,860.529. In the "relic process" the 
zirconium compound and compounds of any desired 
stabilizing oxides are impregnated into organic 
polymeric fabric or textile. The impregnated fabric or 
textile is then heated in an oxidizing atmosphere to 
volatatze the organic fabric or textile. 

Other processes for preparing zirconia based fib- 
ers have also used solutions of zirconium compounds 
such as salts or aikoxides as zirconium sources. Such 
processes are described in U.K. Patent Nos. 
1,030,232 and 1,360,197; U.S. Patent Nos. 
3,180,741 ; 3,322,865 ; and 3,982.498 which are 
incorporated herein by reference. "Green* fibers are 
formed by spinning, drawing, blowing or extrusion. 
The green fibers are fired to voiatltee and remove 
fugitives (Le., water, organtcs, and anions such as 
chloride or nitrate) from the ffcer and to form zirconium 
oxide. In these processes a solution of soluble zir- 
conium salts, addWves, and modifiers it concen- 
trated, typically by wanning under a reduced pressure 
in a rotary evaporator to produce a highly viscous 
fiberizable dope. 

The preferred high temperature ceramic oxide 
superconductors are members of the systems : 

1) MBaJ)}-Cu-0;and 

2) (Bi,E)-Sr-Ca-Cu-0 
wherein 

A can be at least one element selected from the 
group consisting of Y, Pr, Nd, Sm, Eu, Gd, Tb, Oy, 
Ho, Er, La, and Yb ; 

D can be none or at least one element selected 
from the group consisting of SrandCa;and 
E can be none or at least one element selected 
from the group consisting of Pb and So. 
It is recognized by one sklled In the art that the 
ratio of components present In a high t empera ture 
ceramic oxide superconductor may not correspond 
exactly to a specific phase. In such cases, a plurality 
of phases may result which may include both super- 
conducting and non-superconducting phases. The 
ratio of the components, however, needs to be such 
that at least one high temperature ceramic oxide 
superconductor phase is formed. 



The preferred high temperature ceramic oxide 
superconductor phases within the A-<Ba,D)-Cu-0 and 
(Bi,E)-Sr-Ca-Cu-0 systems include Y^a^CuaOr and 
Bi2Sf 2 CaiCu 2 08 and Bi 4 Sr 3 CaiCu40 1 s. Other exam- 

5 pies include BijSr 2 CaiCu 3 Oio and Y^Cu^ * The 
high temperature ceramic oxide superconductor 
phases indicated by the chemical formulas above and 
herein, may exhibit slight variations in the exact ratios 
of the components, partfcuiarty as regards the oxygen 

10 content of a given phase or compound. Y^a^CujOj, 
for example, is known in the art to contain 6.0 to 7.0 
motes of oxygen per mole of formula units. Use of the 
chemical formulas above and herein is not intended 
to exclude phases or compounds exhibiting minor 

15 deviations in stofchiometry with respect to the ideal 
formula. 

Other high temperature ceramic oxide supercon- 
ductors which can be useful in the present invention 
include members of the systems : 
20 1)(T1.GHBaJ)-CarCu-0;and 
2) (La,L)-Cu-0 
wherein 

G can be none or at least one element selected 
from the group consisting of Pb andBl;^ 
25 J can be none or the element Sr; and 

Lean be at least one element selected from the 
group consisting of Sr and Ba- 
it is recognized by one skUed in the art that the 
ratios of components present in s high temperature 
30 ceramic oxide superconductor may not correspond 
exactly to a spectffc phase. In such cases, a plurality 
of phases may result which may include both super- 
conducting and norv^uperconducttng phases. The 
ratio of the components need to be such that at least 
35 one high temperature ceramic oxide superconductor 
phase is formed. 

Examples of high temperature ceramic oxide 
superconductor phases in the (Tl,GMBaJ>-Ca-Cu-0 
system wherein non-oxygen components, (Tl.G), 
40 (Ba,J), Ca, Cu, are present in the ratios of 2 : 2 : 1 : 
2.2:2:2:3.1:2:2:2,1:2:2:3.1:2:3:4,2: 
1 :2:2,and2:3:2:4.GaridJareasdeflnedabove. 
Examples of high temperature ceramic oxide super- 
conductor phases wthin the (LaJ-Ku-0 system 
45 include :(lASrhCu0 4 and (U3aW>i04. 

High temperature ceramic oxide superconductor 
phases can be used inoTvlduafly or in combination. 

Any method known in the art can be used to 
depost a high ternperature ceramic oxide supercoo- 
50 ductortrttaflmonazireortofto 

coating rnethods for preparing the composto artide of 
the present invention are : electron beam corpor- 
ation, cytfridricaJ magnetron sputtering, and dip coat- 
tag. These coaling methods can be used to coat a 
55 single zirconia ftoer or a bundle thereof. 

A method for coating a thin fBm of a high tempera- 
ture ceramic oxide superconductor by electron beam 
co-evaporation is described by B, Oh et aLin "Critical 
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Current Densities and Transport in Superconducting 
YBa 2 CUi07^ Films Made by Electron Beam Co- 
Evaporation^ Appl. Phys. Lett 51, (11), Sept. 14, 
1987, pp. 852-854, incorporated herein by reference. 
Preferably, in the present invention, a 1 : 2 : 3 ratio of 
metallic Y, Ba, Cu, respectively, is evaporated onto 
zirconia fibers) using a three-gun electron beam co- 
evaporation process. The coated fibers) is then 
heated In oxygen for a time and at a temperature suf- 
ficient to produce a YtBa^Or high temperature 
ceramic oxide superconductor. The preferred heat 
treatment temperature ranges from 400 to 1000°C. 
The sources can comprise any suitable precursors 
which can be election beam heated and which do not 
splatter when heated by an electron beam. Examples 
of such precursors include yttrium oxide, yttrium, 
barium, barium oxide, barium fluoride, bismuth, bis- 
muth oxide, strontium, copper, copper oxide, stron- 
tium carbonate, calcium, calcium carbonate, Sr-Ca 
alloys, Pb. Pb-Bi alloys, and thallium. 

The coating of a high temperature ceramic oxide 
superconductor by sputtering is described by M. Hong 
et aL in 'Supercond u cting Y-Ba-Cu-O Oxide Films by 
Sputtering'. Apt*. Phys. Lett , 51, (9), Aug. 31, 1987, 
pp. 694-696, incorporated herein by reference. Pref- 
erably, in the present invention, a Y,BazCu*Or high 
temperature ceramic oxide superconductor is depo- 
sed onto a zirconia ffcer{e) using a cylindrical mag- 
netron sputtering process. In this preferred method, a 
YBajCusOr target (see Example 3 below) is sputtered 
to provide a thin film comprising amorphous 
YBajOtyOr on a zirconia fibers). The coated fibers) 
is then heated in an oxkftzing atmosphere for a time 
and at a temperature sufficient totem a high tempera- 
ture ceramto oxide superconductor. In another prefer- 
red method, the same process is used to deposit 
BUSTjCajOfcO* onto a zirconia fibers), in this 
method, BUSrsCa<Cu<0« <*•• Example 4 below) is 
sputtered to provide a thin fflm of BUSrjCajCmO* on 
a zirconia fibers). The coated fibers) is then heated 
in an oxidizing atmosphere for a time and at a tem- 
perature sufficient to form a high temperature ceramic 
oxide superconductor. The preferred heat treatment 
temperature ranges from 400 to 1000*0. The target 
can comprise powders, powders with binders, and 
metsis which am precursors of a high temperature 
cervnie oxide superconductor, as well as sintered 
high temperature ceramic oxide superconductors 
themselves. Examples of such materials include 
barium, bvium oxide, barium fluoride, copper, copper 
oxide, bismuth, bismuth oxide, yttrium, yttrium oxide, 
Pb, Bi-Pb compounds, strontium, calcium, Sr-Ca 
co irpou nda , strontium carbonate, calcium carbonate, 
thallium, Y-Ba-Cu-0 compounds, and Bl-Sr-Ca-Cu-0 
compounds. Target geometries useful in preparing 
the article of the present Invention include, for 
example, planar and annular. 

The coating of a high temperature ceramic oxide 



superconductor by applying liquid precursors is des- 
cribed by H. Nasu et al. in "High T c Superconducting 
Ba 2 YCu30 s Films Prepared by Pyroiysis of Organic or 
Inorganic Acid Salts", Seramikkusu Ronbunshl . 96, 

5 (6), 1988, pp. 710-713. Preferably, in the present 
invention a thin film of a liquid precursor of a high tem- 
perature ceramic oxide superconductor is applied to 
a zirconia fibers) by dip coating. The thin film is then 
pyroiyzed and heated in an oxidizing afrnosprtere for 

10 a time and at a temperature sufficient to form a high 
temperature ceramic oxide superconductor. 
Optionally, the liquid precursor is dried prior to 
pyroiyzing. More preferably, the dipping, drying, and 
pyroiyzing steps are repeated up to 100 times in order 

1 5 to provide a thin fflm thickness within the preferred, 
more preferred, or most preferred range. Again, 
optionally the liquid precursor is dried prior to pyroiyz- 
ing. 

The liquid precvscr can be any chemical precur- 
20 s or of a high temperature ceramic oxide superconduc- 
tor dissolved or suspended in a liquid, provided the 
precursors) and liquid are mutually soluble and 
stable, and can be applied, dried, pyroiyzed, and 
heated to form a continuous thin film of a High tem- 
25 perature ceramic oxide superconductor. Preferably, 
the liquid precursor can be e solution of soluble com- 
pounds (e.g*. simple salts) or s suspension of col- 
loidal particles in a liquid such as, for example, water 
or an alcohol. A preferred liquid precursor compri ses 
30 yttrium, barium, and copper trifluoroacetates dissol- 
ved in methanol More preferably a liquid precursor 
comprises copper and strontium acryiates and bis- 
muth and calcium nitrates in methexyethanoi Other 
liquid precursors useful in preparing the article of the 
35 present invention by dip coating include, for example, 
bismuth, etontium, calcium and copper nitratee dis- 
solved in a liquid comprising ethylene glycol and citric 
acid or methanol and acetic acid ; yttrium, barium, and 
copper neodecanoataa, 2-ethythexanoatea, or 
40 naphthanates, dissolved in toluene ; or any other suit- 
able chemical precursor dissolved or suspended in 
liquid. Preferably the concentration of the liquid pre- 
cursor ranges from 0.001 to 3 moles of cations or 
metri atoms per kBogram of solution. More preferably, 
45 the concentration of the liquid precursor ranges from 
0.1 to 0.5 moles of cations or metal atoms per kflog- 
ram of solution. 

The preferred pyroiyzing temperature ranges 
from 350 to 650*C. The preferred heat treatment tem- 
50 perature for the Y-B^Cu-O and BWSr-Ca-Cu-O based 
superconductors ie H the range of 850 to 100O*C and 
750 to 900*0, respectively. 

Other coating methods useful In preparing the 
composite article of the present invention include 
55 methods known in the art such as, for example, chem- 
ical vapor deposition, laser deposition, and evapor- 
ation from resistively-heated sources. 

At least four factors are important in determining 
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the suitability of a substrate for a wire-like high tem- 
perature ceramic oxide superconductor : chemical 
compatibility, "thermal compatibility, crystailographic 
compatibility, and substrate geometry. A substrate 
and high temperature ceramic oxide superconductor 
should be chemically compatible such that the diffu- 
sion of chemical species between the substrate and 
the high temperature ceramic oxide superconductor 
during processing is not sufficient to substantially 
affect the superconducting properties, strength, or 
flexibility of the composite article. 

It is desirable that a substrate and a high tempera- 
ture ceramic oxide superconductor be thermally com- 
patible such that their thermal expansion coefficients 
are sufficiently simBar to prevent cracking or spalling 
during heating or cooling. A substrate and a high tem- 
perature ceramic oxide superconductor should be 
crystailographically compatible such that the lattice 
parameters (Lev, atomic spacing) and crystal structure 
of the substrate can promote formation of a high tem- 
perature ceramic oxide superconductor phase. 

It is desirable that a substrate used to form a wire- 
like composite be of fine diameter (e.g., 5 to 60 micro- 
meters) and equi-axed in cross-section. Fine 
diameter fiber substrates have inherently less strain 
during flexure than do thicker sheet-tfce substrates. 
This lower strain reduces the possibflfty of cracking 
the coating. In addition, the geometry of the fibers 
allows winding or bending of the coated fibers in vari- 
ous d Sections, whereat a ribbon-JIke substrate can- 
not be bent easly in all directions. 

The fiber also permits a high proportion of high 
temperature ceramic oxide superconductor to be 
coated thereon such that the resulting composite can 
have substantial flexWity. For example, a 1 mi- 
crometer thick superconductor thin fflm on a 5 mi- 
crometer diameter ffcer yields a coating to substrate 
cross-sectional area ratio of about 0.96. On the other 
hand, a 1 micrometer thick coating on a conventional 
25.4 micrometer thick sheet or ribbon-4ke substrate 
has a ratio of about 0.039. For a given critical current 
density, the higher the superconductor-to-substrate 
cross-sectional area ratio, the higher the current 
which can be carried in a given volume. A coated fiber 
construction having a fine diameter ftoer core allows 
the use of high temperature ceramic oxide supercon- 
ductors which are prohibited from use in a conven- 
tional substrate coating construction because of low 
critical current density. 

The thickness of a high temperature ceramic 
oxide superconductor thin ffm can vary. Very thin 
fflms allow the composite article of the present inven- 
tion to retain essentially the same flexibility as the 
original zirconia fiber, and require minimal film depose 
tion times. Thicker films increase the ratio of super- 
conductor to zirconia cross-sectional area, and 
exhibit electrical properties which are less affected by 
small amounts of interdWusion between the thin film 



and the fiber. The optimum thickness range repre- 
sents a compromise between the aforementioned fac- 
tors. Preferably the thickness of the high temperature 
ceramic oxide superconducting thin film is in the 
5 range of greater than zero to 10 2 micrometers, more 
preferably in the range of 0.1 to 10 micrometers, and 
most preferably in the range of 0.3 to 2 micrometers. 

Zirconia fibers used In the present invention 
retain their flexibility even after completion of fte pn> 
w cessing necessary to deposit a high temperature 
ceramic oxide superconductor thin film onto the zir- 
conia fiber. Preferably the composite article has suf- 
ficient flexibBfty to be wrapped In a cade around a 1 
meter diameter rod without breaking, more preferably 
f 5 around a 2.5 centimeter diameter rod. even more pref- 
erably around a 5 mffiimeter diameter rod and most 
preferably around a 23 millimeter diameter rod. 

The composite artide of the present Invention 
exhibits an onset transition temperature of preferably 
20 greater than 23 IC more preferably greater than77K, 
and most preferably at least 95 K. An onset tempera- 
ture of g reater than 77 K is necessary to allow the use 
of liquid nitrogen rather than liquid helium to cod the 
composite artide to where it begins to exbibft its 
25 superconducting properties. It is signJicantly cheaper 
to cod a material with liquid nitrogen than with Bquid 
helium. Preferably the composite artide of the present 
invention has a superconducting transition end point 
of at least 50 K. 
30 The composite article of the present immntion is 
useful for applications which require the transport or 
storage of dectncd energy, 

A particularly useful embodiment of the present 
im^ntkwwmpito 
35 preferably with a length greater than 1 centimeter, 
more preferably greater than 1 meter. A tow of suffi- 
ciently strong and fine diameter fibers is textile-lice in 
character, which means that it can be flexed, woven, 
or coied either before or after the deposition of a high 
40 temperature ceramic oxide superconductor thin fim. 
High temperature ceramic oxide superconduc- 
tors may be susceptible to degradation by exposure 
to atmospheric components such as HjO and CO* A 
protective coating may be applied to the composite 
45 artide of the present invention to prevertan^inimizB 
environmentd damage to the stipsrcoiKtocting 
properties of the artide. The protective coating, which 
can range In thickness from greater thanzeroupto 
the diameter of the composite artide, can comprise at 
» least one met* wherein the metd can be, for 
example, sflver, copper, ahmUnum, or ntobum; at 
least one polymer wherein the poiymer can be, for 
example, a pdyimide ; or at least one metal oxide 
wherein me metal oxide can be, for example, ZrO* 
55 AtfD* or MgO. Metal coatinge are particularly useM 
irTrnat they provide thermal stablity and current 
shunting in the event that a localized region of con- 
ductor becomes non-superconducting. 
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Another particularly useful embodiment of the 
present invention may comprise composite articles of 
the present invention embedded in an aligned manner 
within a wire-like metal-matrix structure to provide a 
tow resistance or superconducting wire or wire-like 
article. 

Objects and advantages of this invention are 
further illustrated by the following examples, but the 
particular materials and amounts thereof recited in 
these examples, as well as other conditions and 
details, should not be construed to unduly limit this 
invention. 

Example 1 

A three-gun electron beam coating process was 
used to coevaporate elemental Y, Ba, and Cu in a 1 : 
2 : 3 ratio. The electron beam apparatus included 
three electron guns, two with single pockets and one 
with four pockets. The gun hearths formed an isos- 
celes triangle with the center of the triangle directly 
below e Z5 cm by 7.6 cm (1" * 3-) Cu-Ni alloy sub- 
strate holder. Each source was independently monit- 
ored with direction* quartz crystal monitors (GCMs), 
resulting In no stgnai cross talk- The QCM outputs 
were used in a feedback loop to servo the source 
coating rates. 

The source materials were prepared by melting 
the appropriate bulk metals with an electron beam. 
Metallic barium, metallic yttrium, and metallic copper 
were placed si separate carbon crucfoles which ser- 
ved to hold the source materiel. 

Zirconia fibers were prepared as described in 
assignee's copending patent application SeriaJ No. 
07/286,654 which method is Incorporated herein by 
reference. The zirconia ffcers comprised 4 weight per- 
cent YiO* and were fired at 1100*C. The diameters of 
the fibers were 10 to 25 micrometers. 

Bundles of the fibers containing 50 to 500 fibers 
were cuttoapproxknateiy 2.5 cm(1 inch) lengths. For 
each run. three to six of these fiber bundles were 
mounted onto e substrate mounting block which was 
positioned 35.6 cm (14 inches) above the electron 
gun hearths, The bundles were held in place with 
stainless steel dips at their ends, so that during coat- 
ing only one side of the fibers faced the sources, 
resulting in coating on approximately half of the sur- 
face of each fiber. Glass substrates were placed 
directly adjacent to each bundle for compositional 
analysis, The substrate mounting block was heated 
by two 500 Watt quartz-halogen lamps mounted 
directly above it The temperature of the fibers during 
coating was less than 410«C. A shutter system was 
used to shield the ffoers from evaporant untB the des- 
ired coating starting time. The coating chamber was 
evacuated by means of an oi diffusion pump assisted 
by a liquid nitrogen cold trap system. The base press- 
ure achieved was approximately 4 x 10* Torn Dunng 



coating, the maximum pressure was approximately 2 
x 10- 5 Torr. Total coating rates ranged from 10 to 100 
A/sec Typically, the individual coating rates used 
were : Y at a rate of 2.9 A/sec, Ba at a rate of 9.0 
5 A/sec., and Cu at a rate of 2.5 A/sec. Total coating 
time at these rates was approximately 28 minutes. 
The total coating thickness was about 1 .5 microme- 
ters. 

Compositions were determined by Inductively 
10 Coupled Plasma Emission Spectroscopy, fibers hav- 
ing a YoaTBaiooCua.oaOr coating were heated for 30 
minutes in a tube furnace with flowing oxygen using 
the following heating schedule : 
27°C -> 900°C at 20 # C/minute 
is 900»C hold for 30 minutes 

900°C 400°C at 4°C/minute 
400 # C -+ 250 to 27°C 

Coated fibers were removed from the furnace at 
250* or less and cooled to room temperature (le. 
20 27°C). The heat treatment temperature was monit- 
ored by placing a thermocouple directly adjacent to 
the composite article. 

Electrical resistivity measurements were made 
using a four point probe technique as described for 
25 example by XD. Chen in •Practical Preparation of 
Copper Oxide Superconductors", Rev. Sci. In strum., 
58. (9), Sept. 1987. pp. 1565-1571. 
~~ The electrical resistance of single fibers coated 
with Y tU rBaxo > Cuw f 0 7 were measured to verm/ that 
30 conduction was continuous along individual coated 
fibers. A fiber was placed on an insulating (glass) sur- 
face with the ends of the fiber adhered to the probe 
with double-sided tape. Small quantities of silver paint 
were used to draw electrical contacts between the 
35 fiber and the wires from the current and voltage leads. 
The sample was cooled by immersion in the vapor 
above a liquid helium reservoir. A current of approxim- 
ately 0.1 microamperes was applied to each coated 
fiber. The superconducting transition onset tempera- 
40 ture was about 92 K. 

The electrical resistivities of the bundles as a 
function of temperature were also measured using the 
same four point probe method. The superconducting 
transition onset temperatures of the bundles were 
45 also about 92 K. 

Example 2 

A direct current cytlndricaWwIIcw magnetron was 
so used to coat a tow of 10 cnv4cog zirconia fibers with 
YnoBa^Cu^Or. The fibers were prepared as m 
bSITi. A cyiinoricaWiollow magnetron was 
mounted in a cryopumped vacuum system ^ it 
base pressure of 5 * 10-»Tonr.A magnetron cylinder. 
55 which was about 10.1 cm (4 ^)^etera^ 
7 6 cm (3 inches) long, was surrounded by eight per- 
manent magnets to provide electron confinement m e 
circular path within the middle of the cylinder. An 
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annular anode plate was mounted at one end of the 
cylinder for collection of electrons. 

A sputtering target comprising ^Ba^a^Or pow- 
der was prepared using techniques as described, for 
example, by Hyde et al. in The Room Temperature 
Structure of the ~ 90-K Superconducting Phase 
YBaaCujOrV. Nature, 327. June, 1987. pp. 402-403. 
The starting materials were Y 2 0* BaC0 3 . and CuO 
powders. 

The sputtering target which was attached to a 
copper sleeve was inserted into the cylindrical 
cathode and made good electrical and thermal con- 
tact to the cathode. The target had an outside diame- 
ter of 10.1 cm (4 inches) and an inside diameter of 9.9 
cm (3.9 inches). 

The magnetron cylinder was mounted with its axis 
vertical and a fiber drive system was used to pull a tow 
of fibere up through the anode plate and through the 
cylinder. The sputtering system was operated at be- 
tween 100 and 300 Wand at an Ar pressure of 10* 
Torr. The coating rates ranged from 40 to 80 A/sec 
The coating thickness was about 0.5 micrometers. 

The tow of fibers was then heated at 875°C for 
one hour in an oxygen atmoephere. A fiber from the 
tow with a 14 micrometer composite diameter was 
wrapped In a drcle around a rod 2.3 millimeter in 
diameter without breaking the compos&a. 

The electric* resistivity of the coated fibers was 
measured using the same technique used in Example 
1. The superconducting transition onset temperature 
was about 87 K. 

Example 3 

Ten cm-long zirconia fibere comprising 7 weight 
percent YjO, fired at 1040-C were prepared ae in 
Example 1. The procedures in Example 2 were 
repeated to coat a thin fim ofYo^Ba^CurrA onto 
the fibers. 

The coated fibers were heat treated at 875°C for 
1 hour. A fiber from the bundle was bent through a 6.4 
millimeter diameter are without breaking the compo- 
site. 

The electrical resistMty of the fibere were 
measured using the same technique used in Example 
1. The superconducting transition onset temperature 
was about 89 K. 



Example 4 

Zirconia fibers, 10-cm long, were prepared as in 
Example 1. The procedures in Example 2 were 
repeated using a BUSrjCaiCuAe sputtering target 
The target comprised BUSriCesCmd, powder. The 
powder was prepared using techniques described, for 
example, by JJM. Tarascon, et ai. in "Preparation, 
Structure, end Properties of the Superconducting 
Compound Series Bi^Ca^CiinOy with n - 1, 2, and 



3-. Phvs. Rev. B., 38, (13), Nov. 1, 1988, pp. 8885- 
8892. The starting materials were By)* SrCO* 
CaCO> and CuO powders. 
A 1 .5 micrometer coating of 
s Bi4Sr X i2Ca«iCu4^0 1$ was sputtered onto a tow of 
zirconia fibers and then heated in an oxygen atmos- 
phere as described in Example 2 at 850*C for 2 hours. 

A fiber with a 21 micrometer composite diameter 
was ben t in a 1 cm diameter arc without the composite 
w breaking. 

The superconducting transition onset tempera- 
ture as determined using the four point resistivity 
probe described in Example 1 was about 85 K. 

15 Examples 

A dip coating method was used to cost a thin film 
of BfeSriCaCujOt on a bundle of zirconia ffeera. The 
10.2 cm (4 inch) long ffoers were prepared as in 
20 Example 1. 

A precursor solution comprising copper acryiata, 
strontium acrylate, calcium nitrate, and bismuth 
nitrate in methoxyethanoi wse prepared, with s Bl : Sr. 
Ca:Cu ratio of2:2:1 :2,wttiatotal cation concen- 

25 tration of 1 mde per Kg of solution. A (LfiraW 
aqueous solution of copper scrylsta and a 0.5 moM 
aqueous solution of strontium scryists were prepared 
by reacting the requisite smounts of SrO and 
CuCO>Cu(OH)j with acrylic add. 

ao Non-aqueous solutions were formed by dButing 
each with 2 parts methoxyethanoi and concentrating 
to the origin* volume with a rotary evsporstor. This dl- 
lution-coi ic e a Ua U on step was repeated once. 

Solutions of 0.5 moiai bismuth nitrate end calcium 

35 nitrate solutions wars prepared by dissolving the 
requisite amount of ntosti powders in 
methoxyethanoi. Approximately 25 volume percent* 
each solution wse removed by rotary evaporation to 
eliminate water originating as crystalline water in the 

40 nitrate salts. 

Solutions were combined to give a Bi : Sr : Ca : 
Cu ratio of2:2:1 : 2. The resulting solution was then 
concentrated by rotsry evaporation to give 1 mole of 
total cations per kg of solution. The solution was 
45 dluted to 12.5% of the original concentration with 
methanol and poured into a vial for dipping. 

A bundleof fibers wse dipped in the precursor so^ 
ution and blotted on fitter paper to remove excess 
Ik^TheremaWrigcoatir* 
» piecing It m a box furnace preheated to 550TC. The 
bundle was flexed by hand to eeparate bridged areas. 
After 5 to 10 dfeptog and heating cycles, the fibers 
were dark gray to Week in odor. 

After 60 dipping and heating cycles, the bundle 
as was heated in air at 825*C for 3 hours. The resulting 
bundle of coated fibers was generally Wade in color, 
with yellowish tinges near the center of the bundle. 
The thickness of the high temperature ceramic oxide 
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superconductor coated on the fibers ranged from 0.5 
to 3 micrometers. The fired bundle had occasional 
bridged area*.* 2.5 cm (1 inch) section of the bundle 
of coated fibers was bent into a 2.5 cm diameter arc 
with little or no breakage. 5 

A portion of the bundle was mounted onto a thin 
alumina plate with four evenly spaced drops of saver 
conductor paint 

The superconducting onset transition tempera- 
ture as determined using the four point resistivity to 
probe described In Example 1 was about 95 K. At 50 
K there was zero electrical resistance. 
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Example 6 

The dip coating method described in Example 5 
was used to coat Y, Be, Cu, O, onto zirconia fibers. 
The 7.6 cm (3 inch) long fibers were prepared as in 

Example 1. . „„ 

A Y, B»2 Cu* O7 precursor solution was prepared 20 
from solutions of yttrium, barium, and copper trtf- 
luoroaeetetas. AO J molal aqueous solution of yttrium 
trifluoroacetate. • 0.5 molal aqueous solution of 
barium tffluoroacetate and a 0.5 molal aqueous is* 
ution of copper trifiuoroacetate were prepared by as 
reacting tr* requisite amount of yttrium oxide, barium 
carbonate, or copper metal, with trrfhjoroacetic acid. 
Hydrogen peroxide was added drop^iae to the cop- 
p^lrmuoioaeetie add mixture until a dear blue solu- 
tion was obtained. Each of the solutions were » 
evaporated to dryness. The resulting adids were 
separately nwflssotved hi rnethanoL Pardons of the 
three solutions were then combined inthe appropriate 
ratio to yield a precursor sdutton with a Y : Ba : Cu ^ 

ratio of 1 : 2 : 3. .. ^ . 

A bundle of zirconia fibers waa coated by 
repeatedly dipping the bundto into the V™™*?* 
utton. The coated fiber bundte was Wotted dry on filter 
paper. The bimde was pyrdyzed after each coating 
as described in Example 5. The bundle was then fired 40 
in water saturated oxygen at 850-C ^ " -nmutes 
and then heated in dry oxygen at 910-C for _30 
minutes. The resulting coated fibers were black. The 
thickness of the high temperature ceramic oxide 
superconductor coated onto the fibers ranged from 45 
0.5 to 3 micrometers. The bundle of fibers was wrap- 
ped in a circle around a 5 milimeter diameter rod sev- 
eral times with IMe or no fiber breakage. 

Various modifications and alteration of this 
invention wi become apparent to 50 
art without departing from the scope and spirit of this 
invention, and itsrK^d beurKlerstDod^tmrain^ 
ton is not to be unduly limited to the following illustra- 
tive embodiments set forth herein. ^ 



Claims 

1 . A composite article comprising a fiber core com- 
prising crystalline zirconia and coated on at least 
a portion of said core a thin flm of a high tempera- 
ture ceramic oxide superconductor. 

2. The composite srtide according to daim 1 whe- 
rein the diameter of said fiber core ranges from 5 
to 60 micrometers. 

3. The composite article according to any proceed- 
ing claim wherein said fiber core further com- 
prises at least one metal oxide selected from the 
following group consisting of yttrium oxide, mag- 
nesium oxide, calcium oxide, cerium oxide, and 
aluminum oxide. 



4. The composite article according to any proceed- 
ing claim wherein said thin film exhibits a super- 
conducting transition onset at a temperature 
greater than 77 K. 

5. The composite artide according to any preceed- 
ing daim wherein said thin film exhibits a super- 
conducting transition end point of at least 50 K. 

6. The composite artide according to any proceed- 
ing claim wherein said high temperature ceramic 
oxide superconductor comprises at least one 
compound from at least one of the systems con- 
sisting of MBa, DKu-O. (PL E>-Sr-Ca-Cu-0. 
(Tl. GMBa-J)-Ca-Cu-0. or (La. L>Cu-0 wherein 
A is at least one element selected from the group 
consisting of Y, Pr. Nd, Sm, Eu, Gd, To, Oy, Ho, 
Er. La, and Yto ; 0 la none or at least one element 
selected from the group consisting of Sr and Ca; 
E is none or at least one element selected from 
the group consisting of Pb and Sb : G is none or 
at least one element selected from the grou p con- 
sisting of Pb and Bi; J is none or the element Sr; 
and L a at least one element selected from the 
group consisting of Sr and Ba. and wherein said 
components are present in proportions which pro- 
vide at least one high temperature ceramic oxide 
superconductor phase. 

7 The composite artide according to any proceed- 
ing daim wherein said high temperature ceramic 
oxide superconductor comprises Y^ajCujOr. 
BUSTjCajCtuO* or Bi 2 Sr 2 Ca 1 Cu 2 0». 

8. The composite article according to arty proceed- 
ing daim wherein said artide further comprises 
an environmental protective coating overlying 
said thin f9m or wherein said composite artide is 
embedded in a metal to provide a metal-matnx 
structure. 
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9. The composite article according to any proceed- 
ing daim wherein said composite article is prep- 
ared by ~ ^ * 

(1) a method comprising the steps of 

a) applying a thin f3m of a high temperature 
ceramic oxide superconductor precur- 
sors) onto at least a portion of a bundle of 
crystalline zirconia fibers, and 

b) heating said fibers in an oxidizing 
atmosphere at 400 to 1000°C ; or 

(2) a method comprising the step of depositing 
a thin film of a high temperature ceramic oxide 
superconductor onto at least a portion of a 
bundle of crystalline zirconia fibers ; or 

(3) a method comprising the steps of 

a) applying a liquid precursor of a high tem- 
perature ceramic oxide precursors) onto 
at least a portion of a crystalline zirconia 
fiber. 

b) optionally drying said liquid precursor, 20 

c) pyroiyzing said precursor in the range of 
350to650°C, 

d) optionally repeating steps a-c up to 100 
timeSt and 

e) heating the resulting composite in the 25 
range of 750 to 100XTC in an oxidizing 
atmosphere to provide said ffcer having 
thereon a thin film of said high temperature 
ceramic oxide superconductor. 

10. The composite article according to daim 
reinstep(a)ofrnetrK)d<1)c»rnprisM 
or sputtering said high tsnperatuie ceramic oxkte 
superconductor precursor**) onto said bunde of 
crystalline ztoonia fibers, and wherein step (a) of 
method (2) comprises evaporating or sputtering 
said high temperature ceramic oxide supercon- 
ductor onto said bundle of crystalline zirconia fib- 
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(S) Process for preparing layered thin films. 

(57) A process for depositing successively a plurality of thin films on a bottom superconductor layer made 
of oxide superconductor deposited on a substrate in a single chamber successively preferably under 
one of two conditions : in a first condition, deposition of a first thin film to be deposited directly on the 
bottom super-conductor layer is effected under-such condition that the bottom superconductor layer is 
heated above the oxygen-trap temperature (T^) at which oxygen enter into the oxide superconductor 
but lower than a fim forming temperature of the bottom superconductor layer, and in a second 
condition, the bottom superconductor layer is heated in ultra-high vacuum at a temperature which js 
lower that said oxygen-trap temperature (T^) but higher than a temperature which is lower by 100 C 
than the oxygen-trap temperature (T^ - 100 *C) and then the first thin film is deposited thereon. 
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An object of the present invention is to solve the problems and to provide a process for preparing layered 
thin films comprising a bottom superconductor layer and the other thin film layers deposited on the bottom super- 
conductor layer and having improved crystallinity and continuity especially at superconducting interfaces. 

5 Summary of the Invention 

The present invention provides a process for depositing successively a plurality of thin films on a bottom 
superconductor layer made of oxide superconductor deposited on a substrate, characterized in that deposition 
of all of the bottom superconductor layer and the thin films is carried out in a single chamber successively. 

10 The deposition is carried out preferably under one of following conditions (1 ) and (2): 

(1) Deposition of a first thin film to be deposited directly on the bottom superconductor layer is effected 
under such condition that the bottom superconductor layer is heated above the oxygen-trap temperature 
(T trap ) at which oxygen enter into the oxide superconductor but lower than the film forming temperature of 
the bottom superconductor layer. 

15 (2) The bottom superconductor layer is heated in a ultra-high vacuum chamber at a temperature lower than 
the oxygen-trap temperature OW but higher than a temperature which is lower by 100 °C than the oxy- 
gen-trap temperature (T^ - 1 00 °C), and then the first thin film is deposited on the bottom superconductor 
layer. 

The oxygen-trap temperature (7^) and the film forming temperature are known for respective oxide super- 
20 conductor. 

The process according to the present invention is applicable to any known oxide superconductors and ts 
advantageously applicable to Y-Ba-Cu-O oxide superconductor. Bi-Sr-Ca-Cu-O oxide superconductor and Tl- 
Ba-Ca-Cu-O oxide superconductor which have the most attractive properties including their high critical tem- 
peratures. 

25 The substrate is preferably a single crystal of oxide such as MgO, StTi0 3 , PrGa0 3 or the like. 

According to the present invention, a layered structure containing at least one thin film of oxide supercon- 
ductor of high quality can be produced under one of the conditions (1) and (2). 

Preferably, in both conditions (1) and (2), deposition of the bottom and top superconductor layers arid an 
oxygen-containing thin film to be deposited on the bottom superconductor layer is carried out in an atmosphere 
30 of oxygen having the purity of higher than 5 N (99.999%). Existence of H 2 0 and C0 2 in oxygen deteriorate the 
oxide, superconductor because they react easily with the oxide superconductor so that hfeO and C0 2 should 
be eliminated as small as possible. 

In a preferred embodiment, the bottom superconductor layer is a c-axis oriented thin film of Y^C^O?.*, 
the first thin film is made of non-superconductor, for example oxide such as MgO or metal such as Ag and a 
35 second thin film to be deposited on the first thin film is a top superconductor layer of Y 1 Ba 2 Cu 3 07_ x . In this pre- 
ferred embodiment, deposition of all thin films to be deposited on the bottom superconductor layer is effected 
at a substrate temperature between 400 and 600 °C under the deposition of condition (1 ), and the bottom super- 
conductor layer is heated in ultra-high vacuum of lower than 1 x 1 0-9 Torr at the substrate temperature between 
350 and 400 °C before the first thin film is deposited under the condition (2). 

When deposition of the first thin film is carried out in the temperature range defined by the condition (1), 
enough oxygen enter into the oxide superconductor and diffusion of constituent elements of the first thin film 
into the bottom superconductor layer can be prevented effectively. For example, when the bottom supercon- 
ductor layer is a thin film of Y-Ba-Cu-0 oxide superconductor, the first thin film of MgO or Ag is deposited at 
the substrate temperature between 400 and 600 °C. 

When deposition of the first thin film is carried out in the temperature range defined by the condition (2), 
oxygen do not escape out of the bottom superconductor layer and constituent elements of the thin film deposited 
directly on the bottom superconductor layer do not diffuse or migrate into the the bottom superconductor layer. 
For example, when the bottom superconductor layer is a thin film of Y-Ba-Cu-0 oxide superconductor, the first 
thin film of MgO or Ag is deposited at the substrate temperature between 350 and 400 °C. 

In both conditions (1 ) and (2), all thin films to be deposited on the bottom superconductor layer should not 
be deposited above the film forming temperature at which the bottom superconductor layer has been deposited. 

The process according to the present invention characterized by the condition (1) and (2) is useful for fab- 
ricating a superconducting element comprising a bottom superconductor layer, an intermediate layer made of 
insulator or ordinary conductor and a top superconductor layer having a different crystal orientation. 

In the process according to the present invention, all layers of bottom superconductor layer and thin films 
deposited thereon must be produced successively in a single chamber so that the bottom superconductor layer 
does not contact with air and hence a surface of the bottom superconductor layer is neither contaminated nor 
deteriorated by a reaction with moisture in air. 
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Atmosphere Ar 90% 

0 2 : 10% 

Pressure 10 Pa 



Then, a thin film or oxide superconductor of Y 1 Ba 2 Cu 3 0 7 . x (3) having a thickness of 200 nm is deposited 
on the resulting thin film of MgO (2). Deposition of this top superconductor layer (3) can be carried out by the 
same method :as above but the substrate temperature must be adjusted in a range between 400 and 600 °C. 
The off-axis sputtering is carried out under following operational conditions: 

Sputtering gas A r : 90 % 
0 2 : 10% 

Pressure 10 Pa 

Substrate temperature : 570 °C 



All procedures are carried out in a single chamber successively. It is confrmed that three layers prepared 
by the process according to the present invention possess improved crystallinrty and continuity especially at 
superconducting interfaces. 

Example 2 (Condition 1 ) 

Example 1 is repeated but the MgO thin film is replaced by a thin film of Ag of the same thickness. 

In this Example 2, after deposition complete, the substrate temperature is lowered to 500 °C and then a 
thin film of Ag is deposited up to a thickness of 10 nm without oxygen by evaporation method under following 
conditions: 

Atmosphere Ar : 100 % 
Pressure : 10 Pa 

Then, the substrate temperature is adjusted at 570 °C and a second thin film of oxide superconductor of 
YiBazCuaOT* (3) having a thickness of 200 nm is deposited on the resulting thin film of Ag by off-axis sputtering 
under the same operational conditions as Example 1 . 

All procedures are carried out in a single chamber successively. It is confirmed that three layers prepared 
by the process according to the present invention possess improved crystallinity and continuity especially at 
superconducting interfaces. 



Example 3 (Condition 2) 

In this Example 3 also, three-layered thin films of a bottom superconductor layer of Y^C^O^, an in- 
termediate MgO layer and a top superconductor layer of Y^a^ are deposited successively on a sub- 
strate of MgO(100) by the condition (2) of the process according to the present invention whose steps are 

illustrated in Rg. 1. *~ 
At first, a substrate (5) of MgO (1 00) is placed in a ultra-high vacuum chamber which is then evacuated to 

1 X Tr^Wgh pure oxygen having a purity of 99.999 % and argon gas are introduced in the ultra-high vacuum 
chamber and a thin film of c-axis oriented thin film of oxide superconductor of Y 1 Ba 2 Cu 3 0 7 . x (1) having a thick- 
ness of 300 nm is deposited on the substrate (5) of MgO (100) by off-axis sputtering method under following 
operational conditions(Fig. 1B): 
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oxide superconductor deposited on a substrate, characterized in that deposition of said thin films is carried 
out in a single chamber successively. 

2. The process set forth in claim 1 wherein deposition of a first thin flm to be deposited directly on said bottom 
superconductor layer is effected under such condition that said bottom superconductor layer is heated 
above the oxygen-trap temperature (T^) at which oxygen enter into said oxide superconductor but lower 
than a film forming temperature of said bottom superconductor layer. 

3. The process set forth in claim 1 or 2 wherein deposition of said bottom superconductor layer is carried 
out in an atmosphere of oxygen having the purity of higher than 5 N (99.999%). 

4. The process set forth in any one of claim 1 to 3 wherein deposition of oxygen-containing thin films tote 
deposited also is carried out in an atmosphere of oxygen having the purity of higher than 5 N (99.999%). 

5. The process set forth in any one of claim 1 to 4 wherein said bottom superconductor layer is a c-axis orien- 
15 ted thin film of Yi Ba 2 Cu 3 0 7 . x . 

6. The process set forth in claim 5 wherein deposition of all thin films to be deposited is effected at a tem- 
perature of said bottom superconductor layer between 400 and 600 °C. 

7. The process set forth in any one of claim 1 to 6 wherein said first thin film is made of non-superconductor. 

8. The process set forth in claim 7 wherein said non-superconductor is oxide such as MgO or metal such as 
Ag. 

9. The process set forth in any one of claim 1 to 8 wherein a second thin film to be deposited on said first 
thin film is a top superconductor layer of Y 1 Ba 2 Cu 3 0 7 -x. 

10. The process set forth in any one of claim 1 to 9 wherein said substrate is a single crystal. 

11 The process set forth in claim 1 wherein said bottom superconductor layer is heated in ultra-high vacuum 
30 at a temperature which is lower than said oxygen-trap temperature (T^p) but higher than a temperature 

which is lower by 1 00 «C than said oxygen-trap temperature - 100 °C). and then said first th.n film is 
deposited on said bottom superconductor layer. 

12. The process set forth in claim 1 1 wherein said bottom superconductor layer is heated in ultra-high vacuum 
35 of lower than 1 x 1 (h 9 Torr. 

13. The process set forth in claim 1 1 or 12 wherein said bottom superconductor layer is a c-axis oriented thin 
fitmofY^ajCuA^. 

14. The process set forth in claim 13 wherein said first thin film is deposited on said bottom supe conductor 
layer after the temperature of said bottom superconductor layer is adjusted between 350 and 400 C. 

15. Thepiocesssetforminanyon^ 

16. The process set forth in claim 1 5 wherein said non-superconductor is oxide such as MgO or metal such 
as Ag. 

17. The process setforth in any one of daim 1 1 to 16 wherein a second thin film to be deposited on said first 
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thin film is a top superconductor layer of Y,Ba 2 Cu 3 0 

so 18. Theprocesssetforminanyoneofda™i1to17wN 

ductor layer is carried out in an atmosphere of oxygen hav.ng the punty of higher than 5 N (99.999%). 

19. The process set forth in any one of claim 11 to 18 wherein deposition of ^9 en ^ on ^" in 9 thi " 

be deposited also are carried out in an atmosphere of oxygen having the punty of h.gher than 5 N 
55 (99.999%). 

20. The process set forth in any one of claim 1 1 to 1 9 wherein said substrate is a single crystal. 
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FIGURE 1A 
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FIGURE 1C 
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FIGURE 1D 
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